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Heavy Quarkonium Production Mechanism
at Fixed Target And Collider Experiments

Non-Relativistic QCD (NRQCD)

Color Singlet Mechanism:

Color Octet Mechanism:

Failure Of Color Singlet Mechanism at
Tevatron
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J/U Production at Tevatron (Failure of Color
Singlet Mechanism)



T T T T | T T T T | T T T T
BR(W(2S) - 1) do(pp - w(2S)+X)/dp; (nb/GeV)
Vs=1.8TeV;|n| < 0.6

T .}’ T_PTT

total
————— colour-octet 'S + °P,
- colour-octet 381

LO colour-singlet
2| N '\-\. ------- colour-singlet frag.

T I,IIIIII|
1 IIIIIII|

T IIIIIIIl_

10

T IIIIIII|
/

10 | 1 1 1 |.'. | | | ! 1

p; (GeV)

U(2S) Production at Tevatron (Failure of
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Color Octet Mechanism
(Bodwin, Braaten, Lepage (1994))

Two Parameters:

Coupling Constant: a,(M):
Relative Velocity in Q@ Bound State: v:

@s(2M,) ~ 0.24, % ~0.23, For CC System
s(2Mp) ~ 0.18, % ~0.08, For BB System

1) M: Quark Mass: Scale For Annihillation
Decays.

2) Mv: Momentum: Length Scale For the

Size of the Quarkonium States.

3) Mv* Kinetic Energy: Scale
of Splitting Between Different Excitation
Sates (Both Radial and Angular)



NRQCD LAGRANGIAN DENSITY
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In Terms of Two component Dirac Spinors:
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Heavy Quarkonium Production Amplitude

1S:

g >= 0(1)|QQESIY] > +0(v >|Q@[3P§8>]g > +
O0(?)|QQPESY)gg > +O(W)|QQ[SHg > +
O(w)|QQPDYVgg > +....

and the wave functions of P-wave ortho-

quarkonium state |xg; >:

xos >= OM|QQPEPY] > +0)|QQPES™g >
+....



Fragmentation Function For a Parton to

Heavy Quarkonium is:

doa+Ba+x(PT) = T dOA-A—I—B—>cE[n]+X(pT> <O¢€I>

The Fragmentation Function is:

DH/Z(Z7 me, M) = Xp dz’—)cé[n]('za M mC) <O7[z{>

The NRQCD Non-Perturbative Matrix Ele-

ment 1is:

Q

2(0) = =n xT(0)kat)(0) |N H> (N, H| ¢1(0)r;,x(0)
x'(0)k,2(0) (aJ}[aH> x(0)

The Coefficient Function d;_, (2, 1, m.) Can
be Calculated Perturbatively
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(a)

Fragmentation Function at Leading Order
(LO)

Proof Of Factorization in Heavy Quarkonium

Production in Hadronic Collisions

e Soft gluons and infrared divergences in

heavy quarkonium production at high pr



&&_999

[ —

(b)

Fragmentation Function at Next to Lead-
ing Order (NLO) and order ¢’

D
ENIO(Pq) = 169°u™ 1 omypr S(K)[an(P - k) —
(- k)P % [P k)= (q- K)P I
Qg 72
=g, 1

Infrared divergences found, but can be ab-
sorbed into conventional NRQCD matrix

elements; topologically factorized
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(c)

From this diagram the the divergences ex-
actly cancel from the virtual and real con-

tributions

Hence at NLO, the infrared diver-
gences cancel except when topologically

factorized, consistent with conventional

NRQCD matrix elements
O} (0) = X' (0)r(0) (alsan) ¥1(0)x},x(0)



[ —

(a)

NNLO Diagrams

The Real part of these diagrams does not

contain infrared divergences



(b)

NNLO Diagrams

The Real Part of these diagrams does not

contain infrared divergences
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(c)

NNLO Diagrams with Three Gluon Ver-

tex:

Infrared Divergence Is Present in These

Diagrams
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In the rest frame of heavy-quarkonium

(]3 = (), this becomes simply

e Infrared Divergences Found at NNLO



e Breakdown of the simplest topological fac-

torization

e Conclude: we need the Wilson lines

Redefinition NRQCD Matrix Elements

e Resolution: as for fragmentation,

supplement fields by Wilson lines:
Ojlz, Al = exp |[—ig J; dAL- A(z + N

e Our new, gauge-invariant NRQCD Non-

Perturbative Matrix Element:

OF (0) = x'Kn.cp(0) BI[0, Al (alan) ®1[0, Al XK, 425(0)

e Conventional NRQCD Non-Perturbative

Matrix Element was:

OF(0) = x'Knatb(0) (alan) XK, 1(0)



CONCLUSIONS

We have studied Factorization in Heavy

Quarkonium Production Using NRQCD
We Found Infrared Divergences at NNLO

Resolution: as for fragmentation,

supplement fields by Wilson lines:

Redefinition NRQCD Matrix Elements

05( ) = T’Cnazp( 0) (aHaH> TIC, ¢(0) —
XK ctp(0) ©f[0, Algy (alrar) 1[0, Aloa x 'K, ,0(0)



